of viral-mediated IGF-I gene transfer on skeletal muscle following cast immobilization.
atrophy; hypertrophy SKELETAL MUSCLE IS A HIGHLY PLASTIC TISSUE, and its physiological responses are dependent upon the amount of mechanical loading the tissue experiences. A number of studies have found that unloading or reduced muscle activity (i.e., prolonged bed rest, surgery, cast immobilization, microgravity) induces significant muscle atrophy and weakness (26, 29, 35, 63, 65) . The consequences of these negative muscular changes are far reaching and include development of functional limitations and impairment, decreased motor control and overall fitness, and long-term disability. Although skeletal muscle has an inherent capacity to recover from atrophy, the maintenance and recovery of muscle function after disuse can be slow and, in many cases, inefficient and incomplete (50, 63) . Thus, the advancement of therapeutic approaches to reduce the loss of muscle function and promote muscle recovery following disuse is important.
Regardless of the cause of atrophy, effective muscle regeneration or postnatal muscle growth appears to be dependent on myogenic factors such as insulin-like growth factor I (IGF-I). IGF-I is believed to modulate muscle size via autocrine and paracrine signals by directly stimulating muscle protein production in myofibers and the activation of satellite cells (27) . Expression of IGF-I in skeletal muscle has been linked with muscle cell differentiation as well as myofiber hypertrophy in transgenic mouse lines (20, 49) . In glucocorticoid and nerve crush-induced muscle atrophy models, targeted IGF-I transgene expression has been shown to reverse muscle wasting (52, 57, 68) , yet in models of disuse atrophy, overexpression of IGF-I has not been shown to significantly attenuate muscle atrophy (21) . Whether IGF-I overexpression may accelerate the recovery of skeletal muscle with mechanical reloading following a period of disuse is less understood. Furthermore, less information is available regarding the adaptive responses in fast-twitch muscles, such as the extensor digitorum longus (EDL).
IGF-I bioactivity is mediated via IGF-I receptors (IGF-IR) and further regulated by a family of IGF-binding proteins (IGFBPs). Mice lacking the IGF-IR exhibit marked muscle hypoplasia at birth (25) . Among seven known IGFBPs, IGFBP-4 and IGFBP-5 have been shown to play an important role in skeletal muscle adaptations (6, 27) , whereas IGFBP-3 may modulate the free circulating IGF-I (55) . In vitro studies have shown that the biological activity and stability of IGFs are influenced both positively and negatively by the abundance and composition of the IGFBPs present. However, evidence from in vivo studies indicate a more complicated picture, and changes in the expression of IGFBPs in skeletal muscle have been reported to depend on age, muscle, and mechanical load. Spangenburg et al. (61) found no significant decreases in IGFBP-4 and no changes in IGFBP-5 mRNA expression after 10 days of recovery from hindlimb immobilization in the soleus muscle of the 4-mo-old rat. In contrast, Awede et al. (6) reported that overloading induced a doubling of IGFBP-4 and significant downregulation of IGFBP-5 mRNA levels in mouse soleus muscle. Although IGF-IR and IGFBPs are believed to primarily mediate IGF-I action, their mechanism of action seems to be vastly different.
The purpose of this study was to evaluate the effect of viral-mediated IGF-I overexpression on muscle regeneration and the recovery of muscle size and function during reambulation after a period of cast immobilization in predominantly fast-twitch muscles. In addition, we investigated concomitant molecular responses in IGF-IR and binding proteins.
MATERIALS AND METHODS
Animals and viral injection. This study was conducted with approval from the Institutional Animal Care and Use Committee of the University of Florida. Forty-eight female C57BL6 mice (3 wk of age) were studied. A recombinant AAV plasmid (pSUB201) was constructed using the entire rat IGF-IA cDNA, a Myosin Light Chain (MLC) 1/3 promoter and enhancer, and SV40 polyadenylation sequence, as described previously (10, 11) . A recombinant AAV serotype 1 (rAAV-2/cap1; AAV-2 genomes pseudopackaged into AAV-1 capsids) was prepared by the University of Pennsylvania Vector Core, following published procedures (43) . Reverse transcription PCR analyses have shown persistent, local expression of the myosin light chain-driven IGF-I mRNA up to 9 mo postinjection (10) . Under isoflurane anesthesia, the anterior compartment of one hindlimb was injected with 5 ϫ 10 10 viral particles in 85 l of phosphate-buffered saline (PBS). This method of delivery targeted the tibialis anterior (TA) and EDL muscles, allowing the entire muscles' surfaces to be bathed in virus solution. The contralateral limb was injected with the same volume of sterile PBS. Once these mice were recovered from anesthesia, they were sent back to the animal facilities for future studies.
Four months after injection, viral-injected mice were randomly assigned to one of two groups [one-half for protein synthesis measurements (n ϭ 24), one-half for other measurements (n ϭ 24)]. Each of these groups had four subgroups (n ϭ 6 each condition): 1) noncasted, 2) 2 wk of cast immobilization (2 wk Immob), 3) 1 wk of free cage reambulation (1 wk Reamb), and 4) 3 wk of free cage reambulation (3 wk Reamb), as described below. The animals were housed in an accredited animal facility room controlled for temperature (22 Ϯ 1°C), humidity (50 Ϯ 0%), and light (12:12-h light-dark cycle). Mice in the noncasted group remained in their cages and experienced only normal in-cage activity.
Cast immobilization. Casting of both hindlimbs was performed under isoflurane anesthesia with hip and knee joints fixed at ϳ160°a nd ϳ180°, respectively, as described previously (29) . Briefly, to unload the TA and EDL muscles, the ankle was fixed at 60°. The plaster of Paris cast encompassed both hindlimbs and the caudal fourth of the body (superior to the wings of the ilium). The animals were free to move using their forelimbs and they ate and drank ad libitum. The mice were monitored on a daily basis for chewed plaster, abrasions, venous occlusion, and problems with ambulation. In addition, the mice were checked daily for fecal clearance. Following 2 wk of cast immobilization, 12 mice were euthanized. The remaining 24 mice were allowed to freely reambulate in their cages for either 1 or 3 wk following cast immobilization.
In vitro force development. In vitro force mechanics were performed on both hindlimb muscles, as described previously (10) . Briefly, EDL muscles were immersed horizontally in Ringer's solution at 25°C and equilibrated with 95% O 2-5% CO2, pH ϭ 7.4. The distal tendon was tied to a nonmovable post and the proximal tendon attached to a servomotor (Aurora Scientific, Aurora, ON, Canada). Muscle length was adjusted to the optimal length (L 0) at which maximal twitch force was reached. EDL maximal tetanic forces were determined using 120-Hz, 500-ms supramaximal electrical pulses.
Stimulation was delivered via two parallel platinum electrodes that were positioned along the length of the muscle. Immediately following force mechanics, muscle wet weights were measured, EDL muscles for histology measurements were pinned at resting length and cooled in liquid nitrogen melted with isopentane, and TA muscles for other measurements were snap-frozen in liquid nitrogen. Muscles and serum were stored at Ϫ80°C.
RNA isolation and assessment of mRNA abundance for real-time quantitative PCR. Total RNA from frozen TA muscle samples was isolated with TRIzol Reagent (Invitrogen Life Technologies, Carlsbad, CA). Briefly, ϳ30 mg of muscle was cut with 1.0 ml of TRIzol Reagent using an RNase-free razor blade homogenizer. Each muscle sample was centrifuged, incubated, and precipitated. After isolation, RNA was dissolved in DEPC-treated water and stored at Ϫ80°C. The resulting RNA was quantified by optical density at 260 nm.
One microgram of total RNA was reverse transcribed to cDNA with the SuperScript III First-Strand Synthesis for RT-PCR kit (Invitrogen Life Technologies) and a mix of oligo(dT) (100 ng/reaction) and random primers (200 ng/reaction) in a 20-l total reaction volume according to the manufacturer's instructions. Following RT, samples were stored at Ϫ80°C for PCR reactions.
Real-time PCR was performed using the protocols and detection systems of ABI Prism 7900 Sequence Detection System (Applied Biosystems). The reaction components for a single 20-l reaction contained 10 l of TaqMan Universal PCR Master Mix, 1 l of primers mix, and 9 l of RNase-free water. Primer sequences were selected from the NCBI database and purchased from Applied Biosys- Determination of IGF-I protein concentration. Frozen TA muscles were rinsed with PBS to remove excess blood, homogenized in 1 ml of 1ϫ PBS using FastPrep Homogenizer and Isolation System (Thermo Fisher Scientific, Franklin, MA), and stored overnight at Ϫ20°C. The homogenates and serum were then centrifuged for 5 min at 5,000 g. The supernatants and serum were utilized for measurements of total IGF-I in a commercially available ELISA kit specific for rodent IGF-I (R & D Systems, Minneapolis, MN). IGF-I concentration was calculated on the basis of a standard curve generated from recombinant mouse IGF-I. This kit detects total rodent IGF-I, and the measurements are not affected by the presence of IGF-I binding proteins or IGF-II (12) . This kit has been validated for the determination of rat IGF-I at 30 -3,000 pg/ml with an intra-assay precision of ϳ4.3% and an interassay precision of ϳ6.0% (12) . All samples were measured on a microplate reader at 450 nm in duplicate.
Presence of muscle fiber regeneration and morphological analyses. Frozen cross-sections (10 m) from the midbelly of the EDL muscle were subjected to hematoxylin and eosin staining to assess the proportion of central nuclei in the muscle fibers. Immunohistochemistry was used to determine the muscle fiber size and assess the distribution of embryonic myosin and paired box transcription factor 7 (Pax7). Sections were incubated with rabbit anti-laminin (Neomarker; Labvision, Fremont, CA) and mouse anti-embryonic myosin heavy chain antibodies (4°C overnight; DSHB, Iowa City, IA), followed by incubation with rhodamine-conjugated anti-rabbit IgG (Nordic Immunological Laboratories) and FITC-conjugated anti-mouse IgG (Nordic Immunological Laboratories). A mouse blocking kit (BMK-2202, Mouse on Mouse; Vector Laboratories) was used for staining of Pax7. Pax7 staining has previously been shown to correspond well to satellite cell content (66) . Primary antibody mouse anti-Pax7 (R & D Systems) and secondary antibody Alexa 488 (Invitrogen Molecular Probes) were used. These slides were mounted with Vectashield mounting medium with 4,6-diamidino-2-phenylindole (Vector Laboratories). Image acquisition was performed on a Leitz DMR microscope with a digital camera (Leica Microsystems, Solms, Germany). The National Institutes of Health Image J program (version 1.62) was used to analyze the data. The pixel settings used for conversion of pixels to micrometer were 1.50 pixels, 1 m 2 for a ϫ10 objective. The average positive number per 100 muscle fibers was quantified from a sample of 150 -250 fibers on the randomly selected slides.
Mixed muscle protein synthesis rate measurements. EDL muscle protein synthesis rate was quantified using the phenylalanine (Phe) flooding dose method, as described previously (n ϭ 24) (9, 47). An intravenous (iv) infusion line was placed in the jugular vein. At time ϭ 0, a bolus of Phe was injected into the iv line (25 mg/100 g body wt; 40% of the Phe is L-[ 13 C]Phe) (Cambridge Isotope Laboratories, Andover, MA) and flushed into the animal with normal saline. Ten minutes after infusion, each mouse was euthanized. The EDL muscle was dissected and immediately frozen in liquid nitrogen.
Mixed muscle protein synthesis rates were determined using the incorporation of L-[
13 C]Phe into muscle proteins. This required the measurement of L-[
13 C]Phe in the muscle tissue free amino acid pool (intracellular) and in muscle proteins using mass spectrometry (MS). Frozen muscle samples (10 -15 mg) were pulverized in liquid nitrogen and then suspended in cold trichloroacetic acid (10%; 1 ml/10 mg muscle powder). The tissue sample was centrifuged (1,000 g ϫ 15 min at 4°C) and the supernatant removed. The pellet was washed/ vortexed two to three times with 1 ml of normal saline and centrifuged (1,000 g ϫ 15 min at 4°C). The supernatant from these washes was pooled with the original trichloroacetic acid. In this pooled supernate, the heptafluorobutyric methyl ester of Phe was formed, and the free intracellular [
13 C]Phe abundance (Ea) was measured by selected ion monitoring of mass-to-charge ratios 355 and 356, using chemical ionization-negative ion monitoring-quadrupole MS. The pellet containing the mixed structural proteins (including contractile proteins) was hydrolyzed in 1 ml of 6 N HCl for 24 h at 110°C. The hydrolyzed amino acids were separated using cation exchange chromatography and formation of N-acetyl-O-propyl esters. [ 13 C]Phe abundance in the structural proteins (Em) was measured using gas chromatographycombustion-isotope ratio MS. The use of gas chromatography-combustion-isotope ratio MS enables accurate measurement of [ 13 C]Phe enrichment as low as 0.0005 atom% in excess of naturally occurring [ 13 C]Phe (67) .
Data analysis. Data are presented as means Ϯ SE. Using SPSS software (version 16.0), a two-way ANOVA was used to analyze the main effects of injection, loading, or an interaction effect of the two.
Paired t-tests were used for comparisons between rAAV-1-injected and contralateral control limbs. Paired t-tests were also used to compare relative changes during immobilization (2-wk immob to noncasted) and reambulation (3-wk reamb to 2-wk immob) between rAAV-1-injected and contralateral control limbs. A one-way analysis of variance was used to compare all variables within the same injection groups. Post hoc testing for ANOVA measurements was performed using a Bonferroni test. A significance level of P Ͻ 0.05 was used for all comparisons.
RESULTS

Effects of IGF-I overexpression under normal loading
conditions. We detected dramatic increases in IGF-I mRNA and protein levels with local rAAV-IGF-IA transfection (185-and 26-fold elevations, respectively, P Ͻ 0.05; Table 1 and Fig. 1 ). Serum IGF-I protein levels did not show any significant difference between rAAV-IGF-IA-injected and control animals (500 Ϯ 20 vs. 510 Ϯ 14 ng/ml). IGF-I overexpression also caused significant increases in EDL muscle wet weight (ϳ20%, P Ͻ 0.05; Fig. 2A ), tetanic force (ϳ18%, P Ͻ 0.05; Fig. 2B ), and fiber cross-sectional area (CSA; ϳ20%, P Ͻ 
Values are means Ϯ SE. TA, tibialis anterior; 2 wk Immob, 2 wk of cast immobilization; 1 wk Reamb, 1 wk of free cage reambulation; 3 wk Reamb, 3 wk of free cage reambulation; IGF-IR, IGF-I receptor; IGFBP, IGF-binding protein. *Significant difference within each loading time point between IGF-I-injected and PBS-injected muscles. †Value at this loading time point was significantly different from noncasted group in the same injection group. P Ͻ 0.05. 0.05; Fig. 3A) . Changes in muscle size were matched by changes in muscle force such that there were no changes in specific force with IGF-I overexpression. Central nuclei were increased sixfold by IGF-I overexpression, indicating enhanced fusion of satellite cells with myofibers (P Ͻ 0.05; Fig. 4) (16) . Pax7, which is expressed by quiescent, active, and proliferating satellite cells (54) , was also increased twofold in the transfected muscles (P Ͻ 0.05; Fig. 5 ).
IGFBP-5 mRNA expression was significantly higher (ϳ70%) in the IGF-I-overexpressing TA muscle compared with the contralateral control (P Ͻ 0.05) ( Table 1) . However, no significant changes in IGF-IR, IGFBP-3, or IGFBP-4 mRNA were detected in the transfected adult TA muscles (Table 1) .
We also did not detect significant changes in protein synthesis rates in 20-wk-old mice with IGF-I overexpression (Fig. 6) .
Effects of IGF-I overexpression during immobilization. Two weeks of cast immobilization without IGF-I overexpression resulted in significant decreases in EDL muscle wet weight (17%), muscle fiber CSA (23%), tetanic force (40%), specific force (34%), and protein synthesis rate (34%) compared with control muscles (normal loading) (P Ͻ 0.05; Figs. 2, 3, and 6 ).
Immobilization with IGF-I overexpression caused similar decreases in EDL weight, tetanic force, and specific force. However, the relative gains in muscle weight, muscle fiber CSA, and tetanic force that were present before immobilization were preserved with IGF-I overexpression (P Ͻ 0.05; Figs. 2, 3, and 7A).
Cast immobilization increased IGF-IR mRNA and IGFBP-3 mRNA in the TA muscle by ϳ60 and 80%, respectively, and decreased IGFBP-5 mRNA by ϳ80% (P Ͻ 0.05; Table 1 ). Mostly similar changes were seen in IGF-I-overexpressing vs. PBS-injected TA muscles. Cast immobilization did not change IGF-I mRNA and IGF-I protein levels significantly in either group compared with its baseline at normal weight-bearing conditions (Table. 1 and Fig. 1 ). We also did not detect significant changes in IGFBP-4 mRNA expression after cast immobilization.
Following 2 wk of cast immobilization, the number of central nuclei (P Ͻ 0.05; Fig. 4C ) and Pax7-positive fibers (P Ͻ 0.05; Fig. 5 ) was decreased in both injection groups.
Effects of IGF-I overexpression during reambulation. By 1 wk of reambulation (1wR), specific force had returned to its baseline levels, whereas EDL wet weights and tetanic force remained significantly below baseline until 3 wk of reambulation (3wR) in both IGF-I-and PBS-injected muscles (P Ͻ 0.05). However, the absolute tetanic force in the IGF-I-overexpressing EDL muscle at 1wR was almost the same as that of the noncasted PBS-injected muscles. Relative gains in both wet weight and fiber size during 3wR were significantly larger in the IGF-I-vs. PBS-injected EDL muscles (P Ͻ 0.05; Fig. 7B ). However, the relative gains in force with IGF-I overexpression were not significantly different, although the differences in absolute force between AAV-I-injected and contralateral control limbs appeared slightly larger at the 3wR time point. Protein synthesis returned to baseline levels by 1wR (Fig. 6) . IGF-I mRNA increased significantly during the 1st wk of recovery following immobilization and returned to control levels after 3wR in PBS-injected TA muscles. In both IGF-Ioverexpressing and PBS-injected TA muscles, IGFBP-3 mRNA and IGF-IR mRNA (which had increased with cast immobilization) returned to baseline after 1wR and 3wR, respectively (Table 1) . Also, in both IGF-I-overexpressing and PBS-injected TA muscles, IGFBP-5 mRNA expression (which had decreased during immobilization) increased significantly above baseline after 1wR. After 3wR, IGFBP-5 mRNA returned to baseline in PBS-injected muscle, but it remained elevated in IGF-I-overexpressing muscle (Table 1) . No signif- †Value at this loading time point was significantly different from noncasted group in the same injection group (P Ͻ 0.05).
icant differences were detected in IGFBP-4 mRNA expression in the TA muscles of both groups after 1wR or 3wR (Table 1) . IGF-I protein levels were elevated at 1wR in both IGF-Ioverexpressing and PBS-injected TA muscles (P Ͻ 0.05; Fig.   1 ) and returned to preimmobilization levels by 3wR. There was also a significantly larger increase in IGF-I protein levels ( Fig.  1) at 1wR in the rAAV-IGF-IA injected muscles (loading ϫ injection interaction, P Ͻ 0.05). An increase in markers of regeneration was noted in rAAV-IGF-IA injected muscles compared with PBS-injected muscles after 1wR (a significant interaction effect, P Ͻ 0.05). In the PBS-injected EDL muscles, Ͻ0.5 and Ͻ0.3% of the fibers contained central nuclei and embryonic myosin. In the muscles overexpressing IGF-I, the proportion of centrally nucleated and embryonic myosin fibers increased to 2 and 1.2%, respectively (Fig. 4) . The greatest increase in Pax7-positive fibers was also seen after 1wR, with up to a 12-fold increase in the rAAV-IGF-IA-injected muscles following cast immobilization (Fig. 5) .
DISCUSSION
Local delivery of recombinant AAV1-IGF-IA resulted in increased expression of IGF-I mRNA and a dramatic increase in IGF-I protein levels as well as an ϳ20% increase in EDL muscle mass (wet weights), fiber CSA, and tetanic force. The relative gains in muscle size and strength with IGF-I overexpression observed under normal loading conditions were maintained during cast immobilization and 3 wk of reloading/ reambulation, yet IGF-I overexpression did not protect against cast immobilization-induced muscle atrophy. After 1 wk of reambulation, evidence of enhanced muscle regeneration was observed in muscles with elevated IGF-I levels, with an increased prevalence of central nuclei, embryonic myosin, and Pax7-positive fibers. In addition, slightly larger relative gains in muscle size (wet weights and fiber CSA) were noted in the IGF-I-overexpressing muscles during 3 wk of reambulation. Changes in IGFBP-5 mRNA expression during cast immobilization/reambulation paralleled those of IGF-I, whereas IGFBP-3 mRNA expression changed inversely to IGFBP-5. At 3 wk of reambulation, all binding protein expression levels reached normal values, except for IGFBP-5 mRNA, which remained elevated in the rAAV-IGF-IA-injected but not the PBS-injected muscles. To our knowledge, this is the first study to evaluate the effect of viral-mediated IGF-I gene transfer on IGF-I, IGF-I receptor, and binding protein expression during and following cast immobilization. Furthermore, although much previous work has focused on the role of IGF-I overexpression with disuse (21, 26) , less work has focused on mechanical reloading after a period of disuse.
In the present study, adult fast-twitch hindlimb muscles injected with rAAV1 resulted in the overexpression of IGF-I at a young age (3 wk) and demonstrated a 26-fold increase in IGF-I protein levels and an ϳ20% increase in muscle mass and force production under normal loading conditions. These results are consistent with previous studies using viral delivery of the IGF-I construct as well as transgenic animal models (10, 20, 49) . Using a similar rAAV vector delivery system (with MLC1/3 promoter), Barton-Davis et al. (10) found a 15% increase in muscle mass and a 14% increase in force production in young adult mice (10) . A 27% increase in EDL muscle force was reported in older adult mice compared with uninjected old muscles (10) . The hypertrophic effects of IGF-I have been particularly evident in dystrophic mice models such as mdx mice, a naturally occurring mouse model of Duchenne muscular dystrophy. Transgenic IGF/mdx mice (transgenic mdx mice overexpressing mIGF-I) have been reported to display a 40% increase in muscle mass and similar increases in force production (13) . The hypertrophic effect of exogenous IGF-I treatment has also been demonstrated previously following the direct infusion of recombinant IGF-1 protein (4).
The potential to preserve skeletal muscle mass and ameliorate muscle wasting with IGF-I has also been reported in several models of skeletal muscle atrophy (52, 57). Schakman et al. (57) found that local overexpression of IGF-I protein by gene transfer attenuated skeletal muscle atrophy induced by glucocorticoids. Rabinovsky et al. (52) used a transgenic IGF-I mouse model to demonstrate that IGF-I intensified muscle regeneration after denervation by accelerating the myogenic differentiation pathway. In contrast, using transgenic mice overexpressing IGF-I, Criswell et al. (21) reported that enhancing IGF-I levels did not prevent atrophy of the hindlimb muscles during hindlimb suspension. Similarly, in our study, we found that IGF-I overexpression did not attenuate the rate of atrophy. IGF-I-overexpressing muscles were larger and produced more force compared with PBS-injected muscles both before and after 2 wk of cast immobilization, with similar relative differences between the injected and contralateral muscles. Our results, using a different disuse model and mode of IGF-I delivery, further affirm that IGF-I overexpression does not prevent or attenuate atrophy in healthy muscles during unloading (21).
Although much previous work has focused on the effect of IGF-I on muscle atrophy during hindlimb suspension, less work has focused on muscle recovery in response to mechanical reloading after a period of disuse. Lee et al. (43) have examined the combined effect of IGF-I overexpression and resistance training in rats. They reported that the combination of resistance training and viral expression of IGF-I induced greater hypertrophy than either treatment alone. In the present study, we found an increase in several markers of muscle regeneration, including the number of fibers expressing embryonic myosin, muscle fibers with central nuclei, and Pax 7-positive nuclei at 1 wk of reambulation. In addition, rAAV-IGF-IA-injected muscles demonstrated an increased prevalence of large muscle fibers (Ͼ1,400 m) at 3 wk of reambulation. Furthermore, during 3 wk of reambulation, small but significant larger relative gains in muscle size (wet weights and fiber area) were found in rAAV-IGF-IA-injected muscles compared with PBS-injected ones. Although there appeared to be a trend toward increased muscle force by 3 wk of reambulation, differences did not reach significance.
Although IGF-I overexpression had a positive effect on muscle regeneration and muscle growth after cast immobilization, the gains were more modest than expected, especially given the dramatic increases in IGF-I levels. Although it is well demonstrated that IGF-I plays a critical role in muscle growth and development (12, 25, 44) , whether or not IGF-I is the primary physiological regulator of muscle mass during muscle adaptation with increased mechanical loading is still not clear (28) . Experiments blocking the IGF-I receptor during functional overload have still found muscle hypertrophy (60, 62) , suggesting that IGF-I may not be required to activate AktmTOR-mediated muscle hypertrophy. Alternatively, since the EDL muscle is not a primary antigravity muscle in murine animals (23, 51) , it is possible that the limited amount of (re)loading experienced by the EDL may not have invoked as large of a myogenic response. It is also possible that other confounding factors, such as the role of binding proteins, may have interfered with the positive effects of IGF-I overexpression. One of these potential confounders is IGFBP-5, which is the major IGFBP secreted by skeletal muscle. In this study, IGFBP-5 mRNA was significantly higher after 3 wk of reambulation in the IGF-I-overexpressed TA muscles, which could have blocked muscle differentiation by inhibiting IGF-I actions (48, 56) . Such inhibitory effect of IGFBP-5 could be attributed to competition for IGF-I with the IGF-I receptor (22) .
Another explanation for the discrepancy between profound increases in IGF-I levels, our indices of muscle regeneration and the magnitude of the growth response, could relate to satellite cell responses. Adult muscle growth is thought to be dependent on muscle stem cells (satellite cells), which are small mononucleated cells located between the basal lamina of the muscle and the sarcolemma of myofibers. Jennische and Hansson (38) showed that IGF-I immunoreactivity was detected in the cytoplasm of myoblasts and myotubes and in satellite cells during muscle regeneration. Compared with other markers, Pax7 has been identified as a satellite cell-specific marker, and its function in satellite cell specification, survival, proliferation, and self-renewal is consistent with its expression in all satellite cells (54) . In the present study, IGF-I overexpression increased the number of central nuclei fourfold and Pax7-positive nuclei twofold during early reloading, thereby suggesting that IGF-I overexpression enhanced muscle regeneration. Although satellite cells appear to be critical for the regeneration of muscle tissue after injury (59), increased satellite cell content has been demonstrated without an increase in myonuclear number with resistance training (39) . Furthermore, muscle hypertrophy induced by activation of Akt, a critical component of the IGF-I/phosphatidylinositol 3-kinase downstream signaling pathway, may not be accompanied by satellite cell activation and new myonuclei incorporation (17) . It is possible that in our study satellite cells were activated with mechanical reloading (increased expression of Pax7 and central nuclei with IGF-I overexpression) but then exited the cell cycle and became quiescent again because existing myonuclei were able to support the moderate increase in the cytoplasmic area (39) . We should also point out that the number of Pax7-positive fibers observed in the EDL muscle during reambulation is relatively small compared with the numbers reported in antigravity slow-twitch muscles. Gibson and Schultz (30) showed that the absolute number of satellite cells varies with age and fiber type, with the slow-twitch soleus muscle displaying two-to fivefold more satellite cells than the fast-twitch EDL muscle. Similarly, a higher percentage of satellite cells are found in slow-twitch muscle fibers compared with fasttwitch muscle fibers within the same muscle (19, 31, 58) . Therefore, it is possible that the effect of IGF-I overexpression during reloading is more pronounced in slow-twitch antigravity muscles such as the soleus muscle compared with the fasttwitch EDL muscle studied herein (7, 8, 18, 46, 65) .
Based on previous studies showing increases in IGF-I mRNA and protein in response to muscle overload (1, 3), we expected a decrease in IGF-I mRNA during cast immobilization. However, the IGF-I protein level at 2 wk of cast immobilization was equivalent to that measured in the TA muscle under normal loading conditions (control), whereas IGF-I protein levels in both the rAAV-IGF-IA-and PBS-injected limb were increased at 1 wk of reambulation. Our findings are similar to that of Awede et al. (6) , who reported that IGF-I mRNA levels were not different from the control values after 8 days of hindlimb suspension and were increased significantly after 8 days of overloading. In other studies, neither 5 wk of unilateral limb suspension in humans (33) nor 4 days of spinal cord isolation in rats (34) resulted in a decrease in IGF-I mRNA. Some studies even indicate an increase in IGF-I mRNA in human muscle during chronic disuse (53) and rat muscle following spinal cord isolation (41).
Although we found significant modulation in IGF-I receptor expression under altered loading conditions (cast immobilization vs. reloading), the impact of IGF-I receptor in mediating changes in muscle function with overexpression of IGF-I is not clear. Studies have demonstrated that IGF-I receptor is essential during early normal development because mice lacking IGF-I receptor exhibit marked muscle hypoplasia and die soon after birth (25) . Other investigations have suggested that the in vivo effects of growth hormone on muscle mass and strength are mediated primarily by activation of the IGF-I receptor (40) . But more recently, Spangenburg et al. (62) found that increased mechanical load can induce muscle hypertrophy independent of a functioning IGF-I receptor. In the present study, we found that IGF-I receptor mRNA levels were elevated 60 -80% after cast immobilization, which was also observed in spinal cordisolated rats (34) and dropped back to baseline levels with reambulation. If IGF-I receptor plays a role in muscle atrophy or hypertrophy, it is possible that an elevation of IGF-I receptor during atrophy may offer a compensatory mechanism to attenuate muscle atrophy by being more available for IGF-I binding. Also, although there was a large increase in IGF-I protein and mRNA levels in rAAV-IGF-IA-injected muscles at 20 wk of age, we did not detect a significant difference in IGF-I receptor expression between IGF-I-and PBS-injected groups under normal loading conditions. We expect that IGF-I receptor mRNA differences may have been present at an earlier time point after virus injection (13) .
The influence of IGF-I-binding proteins on the cellular effects of IGF-I is less clear. IGF-I-binding proteins are known to modulate the action of IGF-I (61). Among the seven known IGFBPs, the predominant IGFBPs in muscle are IGFBP-5 and IGFBP-4 (37), whereas IGFBP-3 is the most abundant IGFBP in serum and regulates the concentration of free circulating IGF-I (6, 24, 27, 32) . Although measurements of mRNA have limitations, these findings provide some insights regarding the potential modulating actions of IGFBPs. In the present study, IGFBP-5 mRNA levels were reduced significantly at 2 wk of cast immobilization and increased to above baseline in both rAAV-IGF-IA-and PBS-injected muscles after 1 wk of reambulation. In contrast, IGFBP-4 mRNA expression was not altered significantly at any of the time points. Hypertrophic conditions such as electromyostimulation (15) and overloading (2, 6) have been reported to be associated with increases in IGFBP-4 mRNA, whereas findings in regard to IGFBP-5 have been less consistent (2, 6, 61, 64) . IGFBP-5 has been shown to both stimulate and suppress cell survival, proliferation, and differentiation (5, 14, 69) . Interestingly, after 3 wk of reambulation, IGFBP-5 mRNA returned to baseline in PBS-injected muscles but remained elevated in rAAV-IGF-IA-injected muscles. In addition, changes in IGFBP-5 mRNA during cast immobilization/reambulation paralleled those of IGF-I, whereas IGFBP-3 expression changed inversely to IGFBP-5. Few studies have investigated changes in IGFBP-3 with unloading, and yet IGFBP-3 is thought to play a critical role toward modulating the availability of IGF-I in blood (6) . Since IGFBP-3 is reported to suppress the proliferation of the cultured porcine myogenic cells (36) , unloading-induced increase in IGFBP-3 may inhibit the proliferation of muscle satellite cells or IGF-I binding to its receptors. The lack of clarity regarding the regulation of IGFBPs across studies may also be a result of transient increases in mRNA that are extremely sensitive to the timing of the measurements or because of transcription in binding protein levels through yet-unknown mechanisms of regulation.
Despite increases in muscle mass, fiber CSA, and force with rAAV-induced IGF-I overexpression, protein synthesis rates were not found to be elevated in IGF-I-injected limbs at baseline. One possible explanation for this finding is that increases in protein synthesis rates were transient and occurred early after rAAV-IGF-IA injection (42, 65) . In the present study, protein synthesis measurements were performed at least 16 wk after injection. Similarly with reambulation, the time points chosen for measurement (1 and 3 wk) may not have been optimal to detect changes in protein synthesis. (42, 65) .
In conclusion, local delivery of recombinant rAAV-IGF-IA in fast-twitch, lower-limb muscles resulted in a dramatic increase in IGF-I protein levels, 20% muscle hypertrophy, and a concomitant increase in muscle strength. Relative gains in muscle size and force production observed under normal loading conditions were maintained during cast immobilization/reambulation. Muscles overexpressing IGF-I demonstrated evidence of enhanced muscle regeneration, with an increased prevalence of embryonic myosinpositive fibers, central nuclei, and Pax7-positive nuclei. In addition, rAAV-IGF-IA-injected muscles showed larger gains in muscle size compared with uninjected muscles during 3 wk of reambulation. Alterations in IGFBP-5 mRNA most closely paralleled the changes in IGF-I during cast immobilization and reambulation, whereas IGFBP-3 mRNA expression changed inversely to IGFBP-5 mRNA.
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